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Abstract: The restoration of endodontically treated teeth (ETT) remains a significant challenge in
modern dentistry. These teeth often suffer from substantial structural damage due to both the
original pathology and the invasive nature of endodontic procedures. Consequently, ETT are more
susceptible to fractures compared to vital teeth, necessitating restorative strategies that can effectively
restore both function and aesthetics while minimizing the risk of failure. In recent years, advances
in adhesive dentistry and the development of high-strength ceramics have further expanded the
restorative options for ETT. Bonded restorations have gained popularity as they preserve more tooth
structure and enhance the overall strenght of the tooth-restoration complex. The choice of restorative
material and technique is influenced by numerous factors, including the amount of remaining tooth
structure, the functional requirements of the tooth, and the aesthetic demands of the patient. Despite
the plethora of available materials and techniques, the optimal approach to restoring ETT remains a
topic of ongoing research and debate. In this comprehensive review, the current state of and recent
advances in restoring damaged endodontically treated teeth are explored. Numerous therapeutic
options exist, involving a wide range of materials. This article aims to present the biomaterial
advancements of the past decade and their applications, offering alternative approaches to treating
damaged ETT with the goal of prolonging their retention on the dental arch and serving as a valuable
resource for dental practitioners who face this issue daily.

Keywords: endodontically treated teeth; prosthodontics; indirect restoration; resin composite; post
and core

1. Introduction

Endodontically treated teeth (ETT) show few but significant differences in mechanical
properties compared to vital teeth [1]. Although changes in dentin collagen and moisture
content have been described to contribute to the brittleness of ETT over the long term [2,3], it
appears that the physical properties of dentin that are clinically relevant remain unchanged
by root canal treatments [4–7]. Conversely, the volumetric loss of the hard tissue caused
by decay, preparation, and the whole sequence of root canal treatment play a major role
in the risk of fracture [8–10]. It has been demonstrated in this context that factors such as
the creation of an endodontic access cavity along with the loss of marginal ridges serve as
significant static parameters, resulting in maximum tooth fragility [11] (Figure 1).
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Figure 1. Illustration inspired by the authors of “Reduction in tooth stiffness as a result of endodon-
tic and restorative procedures”, 1989 [6]. (a) A conservative access cavity induces a stiffness reduc-
tion of 5%; (b) an associated occlusal cavity preparation induces a stiffness reduction of 20%; (c) an 
MO or OD cavity preparation induces a stiffness reduction of 47%; (d) an MOD cavity preparation 
induces a stiffness reduction of 63%. 

Moreover, even though periodontal mechanoreceptors remain [12], the intradental 
receptors that shield the tooth from excessive force are absent in ETT [13], potentially rais-
ing the threshold for maximum biting force and modifying proprioception [14,15]. The 
main reasons for the clinical failure of ETT have been reported as vertical root fractures 
(12%), cusp fractures (15%), and periodontal issues (40%) [16], underscoring the entire 
biomechanical problem. Therefore, it is a real challenge for the clinician to restore ETT in 
a lasting manner as their prognosis not only depends on endodontic and periodontal var-
iables, but also on adequate tooth rehabilitation [17]. Structural resistance relies on the 
effective retention and adhesive bonding between root dentin, core reconstruction, and 
final restoration, creating a cohesive and integrated system [18] in which all parts must be 
considered on their own scale while taking into account the others. 

The advent of adhesive dentistry has enabled a minimally invasive approach and 
opened up new perspectives in the restoration of ETT. The presence of established and 
reliable adhesive dental techniques has broadened the range of restorative possibilities, 
and a wide variety of techniques are currently available. It is commonly accepted that the 
practitioner should aim to conserve as much of the remaining structure as possible, as 
studies indicate that success is closely linked to both the quantity and quality of the re-
maining coronal structure [19]. 

Invariably, teeth undergoing endodontic treatment have lost significant amounts of 
tooth structure [20]. However, there is no clear definition of “damaged” ETT. Depending 
on the studies, the authors discuss the presence of ferrule, the number of remaining dentin 
walls, or the percentage of remaining structure. Recent systematic reviews suggest cuspal 
coverage when at least one proximal wall is missing, while adopting a conservative ap-
proach when designing restorations and utilizing partial coverage restorations, when ap-
propriate, to preserve as much healthy tooth structure as possible [21,22]. In the present 
study, the authors state that a tooth is damaged as soon as it needs a full cuspal coverage 
restoration, that is, when the tooth presents an MO/DO cavity with thin axial walls (<2 
mm) or any MOD cavity or structure loss beyond an MOD cavity [23]. Hence, partial 
crowns, full crowns, and endocrowns will be discussed (Figure 2). Conversely, when all 
four walls are still remaining with a >2 mm thickness, the stiffness reduction provoked by 
the access cavity is only about 5% [6] (Figure 1). Therefore, only in these cases and in a 

Figure 1. Illustration inspired by the authors of “Reduction in tooth stiffness as a result of endodontic
and restorative procedures”, 1989 [6]. (a) A conservative access cavity induces a stiffness reduction of
5%; (b) an associated occlusal cavity preparation induces a stiffness reduction of 20%; (c) an MO or
OD cavity preparation induces a stiffness reduction of 47%; (d) an MOD cavity preparation induces a
stiffness reduction of 63%.

Moreover, even though periodontal mechanoreceptors remain [12], the intradental
receptors that shield the tooth from excessive force are absent in ETT [13], potentially
raising the threshold for maximum biting force and modifying proprioception [14,15]. The
main reasons for the clinical failure of ETT have been reported as vertical root fractures
(12%), cusp fractures (15%), and periodontal issues (40%) [16], underscoring the entire
biomechanical problem. Therefore, it is a real challenge for the clinician to restore ETT
in a lasting manner as their prognosis not only depends on endodontic and periodontal
variables, but also on adequate tooth rehabilitation [17]. Structural resistance relies on the
effective retention and adhesive bonding between root dentin, core reconstruction, and
final restoration, creating a cohesive and integrated system [18] in which all parts must be
considered on their own scale while taking into account the others.

The advent of adhesive dentistry has enabled a minimally invasive approach and
opened up new perspectives in the restoration of ETT. The presence of established and
reliable adhesive dental techniques has broadened the range of restorative possibilities,
and a wide variety of techniques are currently available. It is commonly accepted that
the practitioner should aim to conserve as much of the remaining structure as possible,
as studies indicate that success is closely linked to both the quantity and quality of the
remaining coronal structure [19].

Invariably, teeth undergoing endodontic treatment have lost significant amounts of
tooth structure [20]. However, there is no clear definition of “damaged” ETT. Depending
on the studies, the authors discuss the presence of ferrule, the number of remaining
dentin walls, or the percentage of remaining structure. Recent systematic reviews suggest
cuspal coverage when at least one proximal wall is missing, while adopting a conservative
approach when designing restorations and utilizing partial coverage restorations, when
appropriate, to preserve as much healthy tooth structure as possible [21,22]. In the present
study, the authors state that a tooth is damaged as soon as it needs a full cuspal coverage
restoration, that is, when the tooth presents an MO/DO cavity with thin axial walls (<2 mm)
or any MOD cavity or structure loss beyond an MOD cavity [23]. Hence, partial crowns,
full crowns, and endocrowns will be discussed (Figure 2). Conversely, when all four walls
are still remaining with a >2 mm thickness, the stiffness reduction provoked by the access
cavity is only about 5% [6] (Figure 1). Therefore, only in these cases and in a safe occlusal
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context can direct adhesive restoration be considered as an alternative to cuspal coverage
with a high success rate.
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Figure 2. Full-coverage restoration discussed in the present article.

Regardless of the chosen technique, the restoration should be placed as soon as the root
canal treatment is completed to maximize the survival rate. Indeed, root-filled posterior
teeth restored with cuspal coverage restorations within 4 months of the completion of
root canal treatment are three times less likely to be extracted than those restored after
4 months [24].

This article intends to delve into the biomaterial innovations of the past decade and
their applications, from crown to root, that offer alternative approaches to the treatment of
damaged ETT with the aim of prolonging their retention on the dental arch.

2. Methods

A thorough investigation was conducted by reviewing the available literature on the
subject, focusing on English-language articles accessible through major search engines
(PubMed, Cochrane, Embase, Scopus) and published in prominent indexed journals within
the Materials and Dental sector, both with and without impact factors. Priority was given
to articles presenting the highest level of evidence available in the literature. The MeSH
terms endodontically treated teeth, root filled teeth, damaged, compromised, restoration,
crown, endocrown, onlay, partial crown, zirconia, lithium disilicate, composite, CAD-
CAM, post, glass-fiber post, cast metal post, cast post, bundled post were used. The
recommendations presented in this article are based on articles published over the past
20 years, except for certain conventionally accepted paradigms that are still relevant and
may have been introduced in earlier articles without any significant advancements since.
The main principles are based on systematic reviews or meta-analyses published in high-
impact factor journals. More specific, recent, and less common concepts have been sourced
as much as possible from high-impact factor journals whenever feasible. When data were
reported from lower impact factor journals, reservations were expressed regarding the
conclusions drawn, although their existence in the literature was acknowledged. The initial
research included 356 articles after excluding articles older than 20 years (except for the
exceptions specified above) and articles with an impact factor < 1 (except for the exceptions
specified above). After analyzing either abstract or the entire article, 143 articles were
deemed relevant and thus selected.

The results presented in this article were extrapolated from this literature search, with
reference to the authors’ clinical experience and biomaterial expertise.
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3. Results
3.1. Choice of Full-Coverage Restoration Material

a. Partial crown and veneers

Most ETT have lost a significant amount of substance [25] and need a full-coverage
restoration. Nonetheless, tissue preservation must remain at the forefront of the practi-
tioner’s decision-making process as it is considered a critical factor for the long-term clinical
prognosis of the restoration [19]. In the posterior sector, when enough substance remains,
the bonded partial crown, sometimes called an overlay or occlusal veneer, provides an
ideal compromise between cuspal coverage, tissue preservation, and aesthetics. Although
few studies have investigated this treatment modality on ETT, the results are promising.
In particular, Frankenberger et al. [26] found no considerable difference between partial
crown and full crown preparation after in vitro fatigue-loading, regardless of the material,
hence recommending the realization of the less invasive option when possible. A more
conservative preparation preserves the available enamel, which significantly enhances the
predictability of bonded restorations [27]. Regarding the choice of material, the practitioner
can opt for machinable composite. Dias et al. [7] reported a 96% success rate and 100%
tooth survival rate after 5 years and Chrepa [28] noted a 96.8% success rate and 100% tooth
survival after 37 months. Suksawat et al. [29] and Frankenberger et al. [26] reported a
promising performance in vitro, while Magne et al. [30] found fewer catastrophic failures
with machinable composite than with feldspathic ceramic. Nevertheless, composite exhibits
a low elastic modulus and is relatively prone to deformation, placing greater stress on
the adhesive joint and leading to a higher degree of marginal leakage [31,32]. Regarding
ceramics, feldspathic ceramic should not be the first choice for the realization of partial
crowns on posterior ETT, as other materials have shown better performance [30,33,34].
Lithium disilicate and polymer-infiltrated ceramic network (PICN) materials, exhibiting
a greater elastic modulus than machinable composites, showed excellent outcomes and
can be recommended for partial crowns on ETT [33,35]. Zirconia, on the other hand, was
found to present the highest fracture resistance, but also provoked more catastrophic fail-
ures [29] and significantly lower marginal adaptation after fatigue loading [26]. Despite
well-established zirconia bonding protocols [36], practitioners seem to struggle mastering
them, which might impact the quality of the bond. Hybrid materials such as zirconia-
reinforced lithium silicate (ZLS) could represent an interesting compromise as it combines
the beneficial properties of different materials. Nevertheless, to our knowledge almost
no literature mentions its use on ETT, therefore no conclusion can be drawn. Ultimately,
Frankenberger [26] stated that the cast-gold partial crown still represents the ultimate
tool for safely restoring ETT, although its use is becoming increasingly complicated both
economically and technically. In light of this information, lithium disilicate or PICN mate-
rial should be recommended when restoring ETT with partial crowns in daily practice to
optimize bonding, the forces transmitted to the tooth, and the durability of the restoration.

The preparation of partial crowns can sometimes result in an unaesthetic transition
between the prosthesis and the tooth that might be discolored following root canal treatment
and can be completed using a veneer preparation on the buccal surface to address this
issue, leading to a so-called “buccal–occlusal veneer” preparation. This veneer can be
prepared using lithium disilicate, and behaves mechanically in the same way as an occlusal
veneer [37]. This preparation is more relevant when restoring premolars, which are more
visible when smiling. Regarding the cementation, partial crowns must imperatively be
bonded with adequate protocols, resulting in superior failure load values compared to full
crowns [38].

Regarding the restoration of endodontically treated incisors, very few data are avail-
able. Nonetheless, it appears that restoration can be achieved with direct composites up to
Class III cavity. However, when a loss of the incisal edge occurs, if needed, a ceramic veneer
should be preferred over a crown if enough structure is remaining [39]. This situation still
remains rare, as it is challenging to incorporate the access cavity within such restorations,
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and the significant loss of tooth tissue often results in a considerable reduction in the
available bonding surface area [20].

b. Full crown

Crowns are proven to function well as a long-term restoration for ETT [40]. Although
full-coverage crowns were widely used in the past and should not be considered as an
absolute necessity for restoring ETT, they remain a viable therapeutic option today in
many cases of damaged ETT. A recent systematic review and meta-analysis reported a
success rate for single crowns of up to 90% after 6 years, regardless of the material used and
the placement of the post [41,42]. The success rate seems to increase with the number of
remaining walls [43,44], reaching 100% success with four walls remaining. Regarding the
material, metal–ceramic crowns have been widely used over recent years, with an estimated
73.33% success rate after 25 years, with dental caries as the main cause of failure [21]. Based
on the retrospective data available, gold crowns also demonstrate very high long-term
performance [21]. However, primarily for aesthetic reasons, practitioners are now more
likely to opt for all-ceramic materials [45]. All-ceramic crowns seem to be an interesting
alternative, with sufficient strength to withstand functional forces, along with aesthetic
benefits. It should be noted that studies addressing the success rates of different materials
for crowns on ETT are very limited. In the absence of data, various systematic reviews
on the restoration of ETT readily extrapolate findings from pools where both vital teeth
and ETT are mixed. Recent systematic reviews concluded that all-ceramic crowns made of
leucite, lithium-disilicate-reinforced glass ceramic, or alumina-based oxide ceramics could
be suggested as a substitute for gold-based metal ceramic crowns for both anterior and
posterior teeth. Feldspathic and silica-based ceramics were only deemed suitable and safe
for anterior restorations [21]. Layered zirconia-based crowns were found to be inferior due
to retention loss and ceramic veneering fracture [17,21]. Even fewer studies are available
regarding the use of monolithic zirconia crowns on ETT. Frankenberger et al. [26] showed
that monolithic zirconia full crowns had the highest post-fatigue fracture resistance in vitro
on ETT. Monolithic zirconia allows for very thin preparation because of its mechanical
properties and good machinability. These minimal preparations allow for the preservation
of a greater amount of tooth structure, which is of crucial importance for ETT. Considering
this information, monolithic zirconia crowns should certainly be considered an option by
the practitioner even though more studies are needed. Wang et al. [46], in their recent
meta-analysis combining in vitro studies and clinical trials, concluded that zirconia was the
best material for full crowns on the basis of the fracture resistance and mode. Nevertheless,
this study included vital teeth and was, therefore, not specific to ETT. Although it is
mechanically very strong, its highly opaque appearance restricts its aesthetic use in the
anterior region. For a more natural aspect, lithium disilicate [47] and zirconia are preferred
in anterior teeth in layered forms to enhance translucency.

The long-term survival of composite crowns has not been evaluated in terms of ETT.
Although these materials have evolved, concerns persist regarding their long-term wear
and fracture resistance, as well as marginal discoloration. Specifically, there is apprehension
regarding their strength in regions subject to both high-functional and nonfunctional
stresses. Indeed, the time-dependent patterns of marginal breakdown raise concerns about
the long-term stability of the restoration [22]. In anterior teeth being subjected to a particular
mechanical context, especially concerning high shear forces [21], no evidence has so far
recommended the use of machinable composites.

c. Endocrowns

Endocrowns are described as adhesive monolithic restorations anchored in the pulp
chamber, exploiting the micromechanical retention properties of the pulp–chamber walls [32],
and have appeared with the progress in the development of adhesive techniques. The
difference with a traditional full crown lies in the fact that no additional restorations (such
as a post or composite build-up) are associated with it, reducing the number of clinical
steps and preserving the maximum amount of sound tooth tissue. The core and the crown
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are assembled in one single component [48,49]. Given that the stiffness mismatch between
dentin, luting cement, and the restorative system can affect stress distribution—with more
interfaces between different materials, leading to poorer stress distribution—the monoblock
nature of endocrowns can better support stress loading compared to the multi-interface
nature of conventional restorations [50]. Despite the growing popularity of endocrown
restorations, the question remains as to whether clinicians should opt for endocrowns over
traditional treatments involving intraradicular posts. Clinical evidence in the literature is
still limited, with existing studies having relatively short follow-up periods, not exceeding
3 years. Nonetheless, there are a fair number of in vitro studies available that report on
the fracture strength of endocrowns [42]. Recent systematic reviews and meta-analyses
reported equivalent or sometimes higher success rates of endocrowns compared to post-
retained crowns on molars [32,42]. Therefore, although more clinical data on endocrowns
are generally needed, it can be concluded that it might be a suitable alternative for restor-
ing damaged root-filled molars, provided the adhesive luting procedure is performed
correctly [21].

Despite a lack of evidence, it has been noted that endocrowns fail more frequently
when placed on premolars and incisors, likely due to their smaller adhesion area and greater
crown height compared to molars [32,42]. Additionally, these teeth are subjected to more
non-axial forces than molars, which may also impact fracture resistance [27]. Therefore,
endocrowns cannot be currently recommended for use on incisors and premolars.

Regarding the choice of materials, machinable composites have advantageous charac-
teristics for endocrown fabrication due to their modulus of elasticity, which closely matches
that of dentin. This similarity helps limit irreparable fractures while maintaining high
fracture resistance. However, once again, a lower elastic modulus increases the stress at
the interface, which can lead to risks of debonding and prosthesis detachment. The same
concerns arise with PICN [47,48]. Since debonding has been reported as the most common
cause of failure by Ploumaki et al. [41], more so than the risk of fracture, materials with the
highest adhesion values, such as lithium disilicate, are the best choice [32]. The aesthetic
properties of lithium disilicate surpass those of composite resin, and it also ages better and
has lower plaque retention [51].

There is a lack of evidence regarding the use of zirconia in this indication. Even
though it appears promising due to its excellent mechanical properties, it has exhibited
the highest rate of catastrophic failure among other materials [32,52,53] and should not be
recommended as a first-intention material for endocrowns.

3.2. Post or No Post?

Root canal posts have been recommended for anchorage and the retention of the core
build-up and final coronal restoration. They were generally recommended when minimal
or no coronal tooth structure was available for anti-rotational features and bonding [54].
However, with advancements in dentin bonding and the ability to forego retentive prepara-
tions, the relevance and necessity of their use are currently being questioned. Despite the
clinical success achieved with the use of intraradicular posts, the main disadvantage is the
additional removal of sound tissue in order to fit the post into the root canal. Furthermore,
this procedure has been shown to impact the overall biomechanical behavior of the restored
teeth. Therefore, the extra retention provided by a post must be weighed against the loss of
healthy tooth tissue, which inevitably weakens the tooth [42]. Although there have been
attempts to classify the indications for posts by considering important factors such as crown
height, wall thickness, circumferential integrity, and the diameter and shape of the canal,
there is still no general consensus on when post placement is necessary [55]. Nevertheless,
certain trends seem to be now emerging.

In the presence of a ferrule, both in vitro and in vivo studies strongly suggest that posts
are unnecessary for restoring ETT [10,55–58]. A ferrule is defined as the remaining natural
tooth structure between the apical extension of the tooth/core junction and the crown
preparation margin [59]. Clinically, it is widely accepted that walls are considered “too
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thin” if they are less than 1 mm thick, meaning the minimal ferrule height is only beneficial
if the remaining dentin is at least 1 mm thick [60]. The longer the ferrule, the better, with
some studies suggesting a minimum height of 1 mm [61–63] (Figure 3). The significance
of the ferrule in prolonging the lifespan of restored ETT has been widely studied, with
numerous studies demonstrating its beneficial effect on fracture resistance [64]. Therefore,
a circumferential ferrule (CF) can be considered as the first ideal solution for restoration
of ETT and should be sought whenever possible [65]. Nevertheless, it is not possible to
secure/provide CF in all clinical cases. Therefore, the clinical decision must balance the
benefits and risks of achieving an “all-around” uniform ferrule. The potential complications
of a crown-lengthening procedure include damage to adjacent teeth, the reduction of
attached gingiva width, tooth sensitivity, and the risk of postoperative tooth recession [66].
These complications should be weighed against the biomechanical risks associated with
a crown lacking a complete ferrule. Indeed, an incomplete ferrule has been described as
an appropriate alternative option in ETT [59], whereas no ferrule at all undeniably affects
tooth survival in the long term [67].
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Figure 3. Illustration of the ferrule effect.

Studies indicate that posts are not required to retain crowns or endocrowns and may
even be linked to higher rates of catastrophic failures. When no ferrule can be obtained, the
placement of a post still seems beneficial on anterior teeth and premolars due to the higher
risk of mechanical failure in this region [17,68–70]. Regarding molars, which have a larger
bonding surface due to the size of their pulpal floor, the placement of a post is not justified,
even in the absence of coronal walls [17,19].

a. No post required: Choice of material for composite build-up

If the practitioner chooses not to use a post, two solutions exist for the restoration of
the tooth core: the placement of an endocrown or the insertion of an intermediate plastic
core material onto which the full coverage restoration will be placed. It was demonstrated
that the performance of all-ceramic crowns is influenced by the elastic modulus of the
core buildup [55]. In this indication, composite offers the best mechanical properties when
compared to IRM [29] or glass ionomer cement (GIC) [71]. Nevertheless, it has been shown
that the polymerization of the resin matrix could impact the stability of the restoration.
Polymerization shrinkage, depending on the concentration, type, and flexibility of the
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reacting groups, can lead to varying degrees of shrinkage stress as monomer molecules
transition into a polymer network. This stress may lead to marginal deficiencies, enamel
fractures, cusp movements, and cracked cusps, which, in turn, could cause microleakage
and secondary caries [72]. For ETT in particular, excessive polymerization shrinkage on
a mechanically weakened structure can only be unfavorable. In this context, “bulk-fill”
composites have been developed to reduce cuspal strain and stress after polymerization [73].
Martins et al. [74] showed higher stress levels in the incrementally filled conventional
restorations compared to bulk-filled ones, while the fracture loads were not statistically
significantly different. These materials have been proven effective in both laboratory
studies and clinical settings, exhibiting reliability equal to or greater than conventional
composites [75,76]. Even in cavities with high C-factors, such as those found in ETT
with minimal loss of coronal structure, bulk-fill composites have demonstrated strong
adhesion [40]. A recent meta-analysis suggested that a composite core build-up with
a higher filler content tended to improve the fracture resistance of the endodontically
treated teeth in comparison with conventional composite resins in vitro [77] (Figure 4).
Therefore, a high-filled bulk-fill composite can be recommended for composite build-up
in ETT. Nevertheless, the lower viscosity of bulk-fill flowable composite allows an easier
application inside narrower spaces, such as an access cavity, and remains interesting in this
indication. Moreover, Oliveira et al. found no difference in the fracture strength between
flowable bulk-fill and classic bulk-fill composites [76]. Eventually, dual-core composite
resins, which also exhibit a higher filler composition, showed similar performance and can
be recommended [76,78].
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Even more recently, advanced short-fiber-reinforced composite (SFRC) materials have
been described as providing structural and chemical reinforcement to weaker teeth [79]
and even having the potential to prevent fractures in ETT [80]. Indeed, the structure
and orientation of the short fibers, in combination with the composite resin matrix, may
allow for more constrained crack propagation following force application [81]. Hence,
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the material acts like a fuse and can stop cracks or propagate the fracture only within
itself, preserving the tooth from catastrophic failures more efficiently [82] (Figure 5). Due
to their enhanced physical and mechanical properties, SFRCs are recommended for the
biomimetic replacement of dentin in larger cavities and ETT, as they enhance mechanical
retention, inhibit fracture propagation, and establish robust chemical bonding between
glass fibers and the resin matrix. Selvaraj et al. [79], in their systematic review in 2023,
showed that substituting conventional hybrid composites with fiber-reinforced composites
enhances the fracture resistance of ETT. Indeed, fifteen studies reported consistent findings
that the fracture resistance of fiber-reinforced composites is higher than for conventional
hybrid composites. The data are contradictory regarding the polymerization shrinkage of
short-fiber-reinforced composites (SFRCs), with some authors describing lower shrinkage
stress for SFRCs compared with bulk-filled types and others finding the contrary [82]. Both
bulk-fill and fiber-reinforced composite materials are currently available on the market.
Therefore, the combination of these two properties seems very promising for core restora-
tions. Fiber-reinforced composite should always be covered with a classic composite [83] in
order to prevent hydrolysis between the fibers and the matrix.
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For composite build-ups in ETT without post placement, high success rates were
found after up to 10 years [84], regardless of tooth type or the number of restored tooth
surfaces, along with improved fracture resistance [77]. Finally, to obtain a lower failure
rate, the volume of the coverage/restoration material should be maximized at the expense
of the core build-up volume, and the build-up should be arithmetically uniform; that is, its
height should be proportional to the adhesive surface available [85].

b. Post required: which one is more favorable?

Clinicians have many choices regarding the choice of post material: rigid, like tita-
nium, stainless steel, gold alloys, or zirconia; or flexible, like carbon, glass, or quartz fiber
posts [21].
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Gold alloy or cobalt–chromium-based cast posts and cores have been utilized for many
years in the restoration of root-filled teeth, with clinical trials indicating high success rates
ranging from 84% to 94% after 10 years [86–88]. Nevertheless, they are characterized by their
high compressive strength and modulus of elasticity, having the drawback of transferring
masticatory forces to the tooth structure, which may result in irreversible fracture [19].
In recent years, prefabricated fiber-reinforced posts have become increasingly favored
for clinical use over cast posts. This shift in preference could be attributed to improved
aesthetics and reduced treatment times. Furthermore, the similarity in the elastic modulus
between fiber posts and dentin may contribute to a decreased risk of root fractures [89,90].
Given that the mechanical properties of the entire system, encompassing the post, cement,
and dentine, should be uniform, utilizing fiber posts cemented and restored with composite
resin material is likely to result in satisfactory performance [91] (Figure 6). Moreover, a
meta-analysis of thirteen in vitro studies evaluated the fracture resistance of ETT restored
with cast posts versus glass-fiber posts and concluded that the cast post group exhibited
significantly higher fracture resistance compared to the glass-fiber post group [92]. In vitro
studies are interesting to simulate clinical circumstances to predict behaviors, but clinical
trials remain the ultimate instrument in restorative dentistry [16,93–95]. Yet, recent clinical
studies failed to demonstrate a difference in the failure rate between cast-post and glass-
fiber posts; therefore, the most recent meta-analysis concluded that both were equivalent
and recommended following the preference of the professional or individual characteristics
of the patient [96,97]. The fact that using glass-fiber posts incurs a lower annual cost
compared to using cast posts could be taken into account in the decision [98]. When a
metal post is selected, the shape of the post and the choice of metal material should be
carefully considered, as each combination could result in a more or less favorable stress
distribution [99].
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Whether cast or glass-fiber posts are used, the insertion of a post necessarily involves
the removal of healthy tooth substance, mechanically weakening the tooth. As mentioned
earlier, a key factor for the long-term survival of root-filled teeth is the amount of remain-
ing coronal tooth structure. Therefore, the removal of tooth structure during post space
preparation should be avoided [21]. In this context, the recent development of multi-fiber-
reinforced composite posts (mFRCPs), also called bundled glass-fiber-reinforced posts or
bundled posts (BPs), is promising. The use of BPs in the root canal space does not neces-
sitate post space preparation as it is based on a bundle of fibers that are bonded directly
to the root canal [100]. To our knowledge, only in vitro studies regarding this technique
exist. It has been reported that BPs improve the resistance and stress distribution compared
to single fiber posts in incisors [101]. The same study showed that BPs combined with
single fiber posts improved the results on immature incisors. Most of the studies reported
that the utilization of multiple posts in the weakened root canal provided better fracture
resistance and stress distribution in both anterior and posterior regions [101–105]. Sturm
et al. [106] even found that teeth restored with BP showed higher fracture resistance than
those restored without posts, suggesting a reinforcement of ETT. The bond strength to the
canal was found to be comparable to or higher than single fiber posts [100,107]. Sturm
et al. [106] found a difference in the C-factor by a factor of 2.5–5.6 between single fiber posts
and BPs, depending on the individual tooth parameters of the compared samples. This
suggests a favorable shrinkage strain and stress distribution during the hardening of the
composite within samples of adhesively luted bundled fiber posts.

It is worth noting that some other studies did not find any difference in the fracture
resistance between BPs and single fiber posts [108,109]. Hence, as the bundled fiber post
does not necessitate tooth preparation, it should be preferred over single fiber posts.

The question of reintervention arises with this kind of post, but some authors sug-
gested adding a gutta-percha point in the center of the fiber bundle, which, in case of
root reinfection, enables easier reintervention than when a metal or single fiber post is
used [104]. In any case, considering that the placement of a post or a composite build-up
complicates the possibility of reintervention, endodontic microsurgery, which is now widely
adopted and has excellent success rates [110], should be considered each time it is possible
in these situations. Although very promising, more evidence is needed to systematize their
utilization (Figure 7).
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It has been reported that a post should have a functionally graded stiffness that
decreases from the coronal part to the apical end to optimize stress distribution [111], which
could be accomplished through an inhomogeneous post design with hybrid materials [112].
This appears to be a promising direction to investigate.

c. Post cementation

Achieving reliable intraradicular dentine adhesion remains a clinical challenge due to
limited access and visibility, light inaccessibility, and a reduced number of dentinal tubules
in the apical third. This is further complicated by the presence of irregular secondary
dentine and other structures, which increases the risk of the system debonding over long
periods in the oral environment [113]. Resin luting cements are preferred for post cementa-
tion because they provide satisfactory retention and resistance against post fracture [57].
However, the anatomical and histological characteristics of the root canal can influence the
adhesion of luting resin cement, leading to variations in dentin bonding across different
areas of the same tooth. In particular, bond strength was found to be significantly higher in
the cervical third by many studies [114–117], raising the question of the appropriate post
length. Mobilio et al. reported that unless the intracanal post length is less than one-third
of the root length, the impact on the fracture resistance of the treated teeth may not be
significant, provided that the proper cementation protocol is adhered to [118]. Finally,
Mastsumoto et al. [119] reported that only the first 2 mm of the coronal part of the root
canal offers interesting bond strength. Regarding this information, post length should not
exceed one-third of the root length in the case of an anterior tooth or premolar with no
ferrule, and in all other cases, composite build-up should be preferred, with potential extra
retention brought by the bonding composite in the first 2 mm of the canal.

Regarding the types of resin luting cements available, although adhesive resin luting
cements with associated etch-and-rinse adhesives have traditionally been proposed, ad-
vances in adhesive technology have led to simplified protocols using self-etch or universal
adhesives with adhesive resin luting cements, but also directly self-adhesive resin cement
without any previous surface treatment [120,121]. These innovations have shortened chair
time and streamlined clinical procedures. Moreover, the use of self-adhesive resin cement
eliminates the challenging task of applying and rinsing phosphoric acid in the apical area
of the prepared canal, resulting in a more predictable and less technique-sensitive proce-
dure [122,123]. De Morais et al. [120], in their 2023 narrative review, reported that most
studies demonstrated significantly higher bond strength values for self-adhesive luting
cement, while some others have shown comparable performance among the various adhe-
sive systems available. Angnanon et al. [124], in their 2023 network meta-analysis, found
similar results, with self-adhesive cement exhibiting significantly better effectiveness than
resin luting cement in long-term aging conditions. Resin cement associated with self-etch
adhesives showed superior performance in the short term but yielded lower bond strength
after aging.

To address the problem of light inaccessibility in the canals, dual-cure resin luting
cement should be used, although it has been reported that when a dual-cure adhesive
is only chemically polymerized, the strength of the bond to root canal dentin is lower
compared with light-activated polymerization [125]. More recently, universal resin luting
cements appeared as a new simplified solution and a great alternative in this indication.
Universal self-adhesive luting resin cement is touch-cure-activated by an associated primer
or adhesive, eliminating the need for photopolymerization. This alternative has been
described to be more efficient than dual-cure resin luting cement for some formulations
and seems very promising [126].

In terms of procedures to be carried out on the intraradicular dentin before conduct-
ing the adhesive procedure, the deleterious effect of endodontic procedures on the bond
strengths, such as irrigation with high-concentration sodium hypochlorite or the use of
zinc oxide–eugenol cements interacting with the polymerization reaction, is well docu-
mented [127–129]. When a self-adhesive strategy is employed, the use of ethanol for the
decontamination of intracanal dentin appears to be the best solution. When more complex
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systems are used in combination with adhesives used in etch-and-rinse mode, decontami-
nation with low-concentration hypochlorite appears to be the best procedure to implement
before the specific adhesive protocol. However, ethanol also appears to be efficient and
has been described in more studies [127]. Therefore, the systematic use of ethanol rinsing
before intracanal bonding seems to be the most advisable procedure.

Regarding the cleaning and conditioning of contaminated core build-up material
before adhesive bonding, cleaning with pumice or air abrasion seemed superior to using
polishing powder or phosphoric acid [130]. Silane was a less effective conditioning agent
compared to composite or dentin primers. Ideally, after contamination, bonding surfaces
should be cleaned with a pumice suspension and conditioned with a dentin adhesive. Al-
ternatively, these surfaces can be cleaned and conditioned using air abrasion with alumina
particles and a composite resin primer.

3.3. Deep Margin Elevation

The significant loss of substance in ETT can quickly lead to subgingival defects, re-
sulting in difficulties in managing moisture and contamination to achieve a high-quality
restoration. To preserve and restore teeth with subgingival defects, various treatment
options are available, including surgical extrusion, also referred to as intra-alveolar trans-
plantation or intentional replantation; surgical crown lengthening; and orthodontic forced
eruption [131–134]. Although effective, some of these techniques are invasive, and others
significantly extend clinical times. In this context, deep margin elevation (DME) emerged,
which consists of direct restoration to reposition the cervical margin to a supragingival
position, making it easier to isolate the working area with a rubber dam, take conventional
or digital impressions, bond an indirect restoration, and remove any excess luting mate-
rial [135]. As root canal treatment already requires significant chair time, reducing the
number of visits for restoring ETT might be desirable. Nonetheless, if the defect involves
the buccal or lingual part of the tooth, surgical crown lengthening or surgical extrusion
should be considered [136]. The remaining ferrule could also guide the choice of whether to
opt for DME or crown lengthening in ETT. Indeed, Falahchai et al. recently demonstrated
that teeth that exhibited a partial ferrule benefited in terms of fracture resistance from
DME rather than crown lengthening [137]. The difference in fracture resistance was not
significant between DME and crown lengthening on ETT with a complete ferrule, but the
frequency of unfavorable fractures was clearly higher in the crown lengthening group,
guiding the choice toward DME. Even if most of studies are not specific to ETT, DME
has been described as a very effective technique with a more than 95% survival rate after
12 years [138]. Mechanically, this technique did not weaken the tooth [139–141], which is
of crucial importance in ETT. From a histological perspective, no connective attachment
can be achieved with the material. Instead, DME results in the formation of a different bio-
logical width, primarily consisting of a long junctional epithelium and a slight connective
attachment to the dentin below the material. However, this condition appears healthy and
well-tolerated by the body [142] even though some authors described an increased inflam-
mation [143]. Some studies were exclusively conducted on ETT, notably Farouk et al., who
conducted a randomized control trial and concluded that DME was clinically successful
with favorable biologic responses [144]. In addition, Ilgentstein et al. found that it had
no impact on either the marginal integrity or the fracture behavior of root-canal-treated
mandibular molars restored with ceramic onlays in vitro [145].

Regarding the choice of material, there is no consensus on which is the more suit-
able [141], but composite appears to be a good choice, whereas glass ionomer (GI) should
not be recommended as it has shown many catastrophic failures [146] that may be at-
tributed to the chemical bond of GI to dentin. Self-adhesive resin-based luting materials
are also not suitable for DME [141]. DME often involves narrow spaces; therefore, flowable
material can be an interesting option to enable full access of the material to the entire cavity.
More recently, highly filled flowable resin composites showed promising results in finite
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element analyses when applied to deep margin elevation from an interfacial mechanical
point of view [147], combining flowability and good mechanical properties.

3.4. Limits and Future Directions

This article does not constitute a systematic review. Therefore one notable limit in this
study is the subjective nature of the article selection process, which was influenced by the
authors’ own experience. The criteria for including or excluding articles were based on the
impact factor level of the journals, and the author’s judgment which inherently introduces a
level of subjectivity. While the authors aimed to include the most pertinent and high-quality
research, the process inevitably reflects their individual biases and professional background
and this should be considered when interpreting the article.

Current methods for restoring endodontically treated teeth focus on highly reliable
adhesive procedures and high-strength ceramics. Future direction in this field could
explore hybrid materials—that combine the best properties of different materials—whether
it concerns posts or coronal restorations. Research on posts should focus on techniques
that would not necessitate an additional canal preparation. More randomized clinical
trials should be conducted to assess the long-term survival of root-filled teeth restored
using minimal intervention endodontic-restorative concepts and techniques. Regarding
reintervention, authors truly believe that micro-endodontic surgery should be sought
whenever faisible and when not, cases with posts to remove should be adressed to a
endodontics specialist.

4. Conclusions

The survival rate of teeth and restorations after root canal treatment is influenced
by numerous variables, and the evidence base for restoring ETT remains complex and
unclear. Hence, it is difficult to evaluate the impact of each factor on tooth or restoration
survival individually in a randomized clinical trial, given the challenge of standardizing
all other variables. However, trends seem to progressively emerge in various reviews and
meta-analyses, providing practitioners strong scientific data to support their practice.

Future research should focus on conducting randomized clinical trials to assess the
long-term survival of root-filled teeth restored using minimal intervention endodontic-
restorative concepts and techniques.
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